We examine the modelling of the effects of dissipation in fission by analysing experimental data where fission is induced by peripheral heavy-ion collisions at relativistic energies. Our results are based on the analysis of available data of the total nuclear fission cross sections of 238 U at 1⋅A GeV on Au and U targets with an abrasion-evaporation code that contains an intermediate break-up stage. We have incorporated in the code three different approximations for the time-dependent fission-decay width that describe the hindrance of fission due to dissipation. One is a highly realistic description based on the analytical solution of the Fokker-Planck equation when the nuclear potential is approximated by a parabola. The two others correspond to the most widely used approximations, a step function and an exponential-like in-growth function. The experimental data are only reproduced when dissipation effects are considered. However, the deduced value of the reduced dissipation coefficient β depends strongly on the approximation applied. A careful analysis sheds severe doubts on the use of the exponential-like in-growth function for describing the time dependence of the fission width.
1.Introduction
In their transition-state model [1] , Bohr and Wheeler described the fission process of an excited heavy nucleus according to a purely statistical point of view. Soon after, Kramers [2] suggested describing fission as a diffusion process where the evolution of the fission degree of freedom by spreading into the deformation space is determined by dissipation, that is, by the interaction of the fission collective degree of freedom with the heat bath formed by the individual nucleons. Such process can be described by the Fokker-Planck equation [3] (FPE). In this specific case, the variable of the FPE is the time-dependent probability distribution W(x,p,t) as a function of the deformation in fission direction x and its canonically conjugate momentum p. Kramers found that the stationary solution of the FPE leads to a reduction of the fission width compared to the fission width predicted by the transition-state model of Bohr and Wheeler by a factor 
where β is the reduced dissipation coefficient, which appears as a parameter in the FokkerPlanck equation, and ω 0 is the frequency of the harmonic-oscillator potential that osculates the fission barrier at the saddle point. However, the success of the transition-state model prevented this idea of Kramers to establish. Approximately forty years later, experimentally observed high pre-scission neutron multiplicities [4, 5] gave the impetus to Grangé, Jun-Qing and Weidenmüller [6] and others to theoretically investigate the influence of nuclear dissipation on the fission time scale. They solved the time-dependent FPE numerically, starting from a spherical or a nearly spherical shape. Under such conditions, the solution of the FPE leads to a time-dependent fission width Γ f (t) that is first suppressed, then increases and finally reaches the asymptotic value given by the Kramers fission width. The time evolution of the fission width is characterised by the transient time τ f defined as the time in which Γ f (t) reaches 90% of the asymptotic value [7] . The dependence of the transient time from the reduced dissipation coefficient β can be deduced by solving the FPE. In reference [7] the following approximate relations were established: where B f is the fission barrier, T is the nuclear temperature and ω x is an effective oscillator frequency * at the ground state.
The magnitude of the reduced dissipation coefficient β remained a subject of intense investigations, both theoretically and experimentally. Theoretical efforts to predict nuclear dissipation rely on e.g. the one-body dissipation mechanism [8] , the decay of diabatic [9] excitations, and the linear-response theory [10] . Experimental efforts to determine nuclear dissipation rely on the analysis of pre-and post-scission neutron multiplicities [11, 12] , of the strength of the decay of the giant dipole resonance [13] in highly excited nuclei, of chargedparticle multiplicities [14, 15] , of evaporation-residue cross sections [16, 17] and fission cross sections [18] , and on direct measurements of the fission lifetimes [19] . In spite of these efforts, the value of the reduced dissipation coefficient [20] and more exactly its variation with deformation and temperature is still subject of debate. In reference [21] the analysis of pre-scission giant dipole resonance γ-rays pointed to an onset of dissipation at excitation energies around 40 to 60 MeV. Later in reference [22] , the study of the pre-scission neutron multiplicities of a set of fast-fission reactions lead to a strong dependence of dissipation on temperature as well. However, several works [23, 24] have already remarked the difficulty of finding experimental signatures sensitive to the temperature dependence of dissipation. On the other hand, according to recent experimental results, a rather consistent picture on the deformation dependence of dissipation seems to emerge. Strong dissipative effects have been observed within the large-deformation regime from the saddle point to scission [12, 25, 26, 27] , while in the small-deformation regime from the ground state to the saddle point the effects of dissipation are rather weaker. However, in the small-deformation regime, on which we concentrate in the present work, the magnitude of the dissipation effects is rather uncertain. Some works point to clear effects [24, 28] , whereas others point to quite weak or no dissipation effects [16, 17, 29, 30] .
From the experimental side, the difficulty of the problem has several reasons. Transient effects on the fission-decay rate can only be deduced under certain conditions. Since transient effects are related to the process of equilibrating the distribution in deformation space and in the conjugate momentum, the corresponding initial distributions, populated by the nuclearreaction mechanism, must be well defined and significantly differ from equilibrium. Most of * According to [7] , ω x is the effective harmonic oscillator frequency around the ground state for the true nuclear potential (see full line in figure 1a ). It deviates slightly from the frequency ω 1 of the harmonic approximation (see dashed line figure 1a). In literature, expression (2) is mostly used approximating ω x by ω 1 .
the experiments dedicated to the investigation of dissipation are based on heavy-ion induced fusion-fission, fast-fission and quasi-fission reactions, which do not offer optimum conditions for extracting the signatures of dissipation at small deformation. These reactions cannot be analysed with the model of reference [6] because the initial conditions of the composite system formed after the collision do not correspond to those assumed in [6] . Such reactions require elaborate dynamical models that have to take into account fluctuations with respect to the mean dynamical trajectory and the large angular momentum of the composite system formed in the reaction. Incidentally, a considerable effort has been made lately in the development of dynamical codes; for instance a recent formulation of such description based on the Langevin equation is presented in reference [31] , and in reference [32] it is investigated whether the statistical evaporation model is applicable for particle emission along quasifission trajectories. In addition, the reaction mechanism should be chosen in a way that transient effects modify the fission-decay rate in a noticeable way, which, in the asymptotic case, follows an exponential time distribution with a decay constant given by the total decay width. This is the case only if the excitation energy of the nucleus is high enough for the statistical decay time to be shorter than the transient time. Thus, an experimental approach is required that produces highly excited heavy nuclei with high cross sections.
Provided the initial conditions of the excited nucleus fulfil the requirements of the model of reference [6] , investigating the effects of dissipation in the deexcitation process of such nucleus implies modelling the time-dependent onset of the flux over the fission barrier that is expressed by a time-dependent fission decay width Γ f (t). This is a rather difficult task, and most of the model calculations contain one of the following approximations for Γ f (t):
• A step function that sets in at time τ f :
• An exponential in-growth function:
where τ = τ f /2.3, τ f is the transient time and Γ f K is the Bohr-Wheeler [1] fission width, multiplied by the Kramers factor K of equation (1) . The questions, how well each of the approximations does reproduce the behaviour of Γ f (t) that results from solving the FPE, how accurate is their implementation in the theoretical codes and how the approximations influence the final result have not been properly analysed yet.
In the present work, we make several efforts to solve these problems. Firstly, we chose an experimental approach that most closely corresponds to the conditions under which Grangé, Jun-Qing and Weidenmüller formulated their model. Secondly, we apply a highly realistic description of the in-growth function governing the onset of the fission process. This function is obtained by using the analytical solution of the FPE for a parabolic nuclear potential. Additionally, in the implementation of the in-growth functions given by equations (3) and (4) in the nuclear-reaction code we remove some unnecessary approximations that were used in previous formulations. Finally, we investigate to which degree the value of the dissipation coefficient deduced from experimental data depends on the shape of the in-growth function used in the analysis. Our results shed severe doubts on several conclusions drawn in previous work. These questions have already been briefly assessed in reference [33] .
Experimental approach
It is our aim to base our analysis on an experimental approach that meets the conditions of the theoretical work of reference [6] as closely as possible. That means, a nucleus should be highly excited with only little shape distortion. In addition, the angular momentum [34] induced should be small in order to avoid additional influence on the fission process. This aim can be achieved by applying a projectile-fragmentation reaction, i.e. a very peripheral nuclear collision with relativistic heavy ions. Compared to previous quite interesting attempts to reach this goal by relativistic proton-nucleus collisions in inverse kinematics [28] and the annihilation of antiprotons [35, 36] at the nuclear surface, this approach populates higher excitation energies more strongly, up to the onset of multifragmentation [37] .
If the excitation energy of the nucleus is higher than the limiting excitation energy at which the statistical-decay time and the transient time τ f become comparable, fission competition is delayed with respect to particle evaporation by the transient time. During the transient time, the emission of particles leads to a decrease of the excitation energy. Therefore, in reactions that induce excitation energies above the limiting value, the existence of a transient time would imply a considerable reduction of the fission probability (and hence of the fission cross section) compared to the predictions of the transition-state model.
In this work, we analyse the total nuclear fission cross sections of 238 U at 1⋅A GeV on gold and uranium targets. The nuclear fission cross sections have been determined by Rubehn et al. [38] subtracting the electromagnetic contribution from the experimental total fission cross sections of 238 U (1⋅A GeV) on gold and uranium measured in the same reference [38] . The values of the cross sections are listed in table 1.
Discussion

Total nuclear fission cross sections
The experimental data of table 1 are compared with several calculations performed with an extended version of the abrasion-ablation Monte-Carlo code ABRABLA [39, 40] . This code consists of three stages. In the first stage the properties of the nucleus after the fragmentation reaction are calculated according to the abrasion model. As was determined experimentally in reference [41] , an average excitation energy of 27 MeV per nucleon abraded is induced. This value is in agreement with predictions for peripheral collisions based on BUU calculations [42] . The angular momentum deduced is estimated according to reference [34] . The second stage accounts for the simultaneous emission of nucleons and clusters (simultaneous breakup) that takes place due to thermal instabilities when the temperature of the projectile spectator exceeds 5.5 MeV [43] ; this part is described further below. The simultaneous emission makes the nucleus cool down to a temperature of 5.5 MeV. The break-up stage is assumed to be very fast, and thus the fission collective degree of freedom is not excited. From this moment on the third stage, the sequential decay, sets in, which is described by the statistical model. It treats the deexcitation of the nucleus by particle evaporation and fission. This last part has been modified to account for dissipation effects incorporating three different descriptions of Γ f (t). We included the approximations given by equations (3) and (4) of section 1 avoiding several further approximations applied in previous formulations [13, 44, 45, 46] . In addition, we integrated a highly realistic description of Γ f (t) based on the analytical solution of the FPE when the deformation dependence of the nuclear potential between the ground state and the saddle point is approximated by a parabola; this function is thoroughly discussed further below. A detailed description on how these three functions have been implemented can be found in the appendix. Besides the treatment of the dissipation effects, the ratio of the level-density parameters a f /a n and the fission barriers B f are the most critical ingredients of the model. The deformation dependence of the level-density parameter has been discussed in references [47, 48, 49] . In our case, the ratio a f /a n is calculated considering volume and surface dependencies as proposed in reference [49] according to the expression:
where α v , α s and α k are the coefficients of the volume, surface and curvature components of the single-particle level densities, respectively, with the values α v = 0.073 MeV . B s and B k are the ratios of the surface of the deformed nucleus and the integrated curvature of the nucleus, respectively, related to the corresponding values of a spherical nucleus. Their values are taken from reference [50] . The angularmomentum-dependent fission barriers are taken from the finite-range liquid-drop model predictions of Sierk [51] . As demonstrated in reference [28] , a recent experimental determination of these parameters by K. X. Jing and co-workers [52] , based on the measurement of cumulative fission probabilities of neighbouring isotopes, is in very good agreement with these theoretical predictions. The calculations presented in table 1 were performed with different options. Different shapes of the time-dependent fission width and different values of β were used. In addition, for part of the calculations the break-up stage of the code was not included. Though this is unphysical, it serves to distinguish between the effects of dissipation and the effects of the break-up process on fission at high excitation energies. For the moment, we will consider the calculations performed including break-up to describe the intermediate stage between the abrasion and the statistical evaporation at temperatures larger than 5.5 MeV. As the values of the fourth row of table 1 show, the transition-state model [1] clearly overestimates the experimental data. In fact, the experimental cross sections are only reproduced when dissipative effects are included in the calculation. However, the choice of the in-growth function for Γ f (t) according to equations (3) or (4) has a strong influence on the dissipation coefficient deduced. While the calculation with the description given by equation (3) , the same value of β with equation (4) (exponential like in-growth) overestimates the cross sections. The reason is that in the latter case fission is already possible with a considerable probability at the very beginning of the deexcitation process. To reproduce the data when the exponential-like in-growth function is used, a larger value of the dissipation coefficient β = 4⋅10 is required that reduces the asymptotic value of the fission width and enlarges the transient time. As expected, when this value of β is used with the step function, the cross sections are underestimated.
Critical view on the exponential approximation for the fission decay width
Although the measured fission cross sections can be described by the exponential-like ingrowth function, equation (4), by adjusting the dissipation coefficient, this representation does not reproduce the behaviour of Γ f (t) predicted by the FPE. This will become clear after the following considerations. In reference [6] , the time-dependent fission width is defined as
Here λ f is the fission rate, x b is the deformation at the barrier, v is the velocity ( t
) and W is the probability distribution. The denominator measures the part of the probability distribution still caught inside the fission barrier. Due to the flux over the fission barrier, the value of the denominator gradually decreases.
According to the initial conditions assumed, at the beginning of the sequential deexcitation process, the probability distribution can be represented by a narrow Gaussian centred at the ground-state deformation. As was already discussed by Grangé and Weidenmüller, part of the intrinsic excitation energy is transferred to the fission collective degree of freedom. After a certain time that depends on the value of β, the collective energy saturates, and the probability distribution gradually broadens in deformation space, eventually reaching the fission-barrier deformation x b . We explicitly investigate the time evolution of the probability W(x=x b , t) at the barrier deformation x b in figure 1. First, we evaluate the probability distribution W(x=x b , t) at the deformation x b as a function of time by solving the FPE [53] when the nuclear potential is approximated by the parabola represented by the dashed line on figure 1a). The deformation x b is defined as well in figure 1a ). The solution of W(x=x b , t) is shown by the dashed line in figure 1b) . Although this solution of the FPE is obtained for the parabolic potential, the total suppression of the probability distribution at the fission barrier for the initial part of the deexcitation process also results for a more realistic potential. In fact, this feature is independent of the shape of the nuclear potential. This is confirmed by the dotted line of figure 1b) that depicts the solution of the FPE for W(x=x b ,t) with the very shallow parabolic potential represented by the dotted curve in figure 1a ). One might have expected that a flat potential would lead to an instantaneous spread of the probability distribution up to the saddle deformation. However, the dotted line of figure 1b) shows that the probability distribution at x b starts differing from zero only after some time. Indeed, the probability W(x=x b ,t) remains essentially zero up to t ≈ 0.6⋅10 -21 s in both cases, for the shallow and for the deep parabola. According to equation (6) , the fission width will vanish when the probability W(x=x b ,t) vanishes. Hence, independently of the nuclear potential, Γ f (t) should be zero and have a zero slope at the initial time. This can be observed as well in figure 2a) , where the numerical solution of the FPE obtained in reference [7] for the fission rate λ f (t) = Γ f (t)/ D is compared with the exponential in-growth function and the step function. This picture shows that the exponential function starts with a very steep slope contradicting the previous requirement of complete suppression at the initial time. On the other hand, the step function reproduces the hindrance of fission at the beginning of the process but it overestimates its duration. In our opinion, this fact could be improved by opening the fission channel by the step function at the time in which the fission probability of the exact solution has reached around 50% of its stationary value or even less, instead of the standard value of 90%, introduced in ref [7] . Indeed, we will see later that the onset of the fission width is of particular importance. 
where σ 2 is a time-dependent function of the form:
where k is Boltzmann´s constant, T is the nuclear temperature, µ is the reduced mass associated to the deformation degree of freedom, ω 1 describes the curvature of the potential at the ground state and
. The physical meaning of function (8) can be better understood when we consider large times and β in the overdamped regime (β >> 2ω 1 ). Under these conditions, we can neglect the terms exp(-β 1 t), and β 1 can be approximated by β 1 ≈ β -2ω 1 2 /β. With this, expression (8) . Equation (10) shows that the process of the population of the deformation space can be described by a probability distribution with the shape of a Gaussian whose second moment exponentially approaches the asymptotic value. This fact might have misled some authors to introduce an exponential-like in-growth function to picture the variation of the fission width with time. We would like to stress here that it is the second moment of the probability distribution that approximately grows like 1-exp(-t/τ) and not the fission width itself.
New analytical approximation for the time-dependent fission decay width
In the overdamped regime, W(x,v,t) is equilibrated in velocity very fast. Under these conditions, the FPE transforms into the Smoluchowski equation [3] .
where µ is the reduced mass, U(x) is the nuclear potential and ε = βkT/µ. An analytical approximate solution to this equation for a realistic potential, valid for t > β/2 2 1 ω , is presented in reference [7] . However, for short times, where the dissipation has a decisive effect on the deexcitation process, this solution does not fulfil the requirement to vanish for a certain time. For this reason, we propose the following more appropriate alternative to this formulation.
In the following, the various steps to derive a very realistic approximation for the fissiondecay width will be illustrated in detail. A short description has already been presented in reference [33] . First of all we will develop a slightly modified expression for the exact description of the fission-decay width, whose definition is given by equation (6) . We start by defining the normalised probability distribution
at the fission-barrier deformation x b as:
Considering equation (12) , the fission width of equation (6), can be reformulated as follows:
In the stationary case we get:
The value of K f Γ has already been derived by Kramers [2] .
Finally, combining equations (13) and (14) we can reformulate the time-dependent fission width defined by equation (6) as:
At this point we introduce the two approximations that lead to a new description of the timedependent fission width. The first approximation is to consider that:
where C(t) is a value that only depends on time. This assumption implies that the shape of the probability distribution at the barrier deformation as a function of the velocity v is constant, and only its height varies with time. This statement is certainly valid in the overdamped motion were the equilibrium in velocity is established very rapidly. However, the calculations presented in the appendix prove that expression (16) is still applicable outside the overdamped regime. The reason for this is that since x b is far away from the initial deformation, the time needed for the probability distribution W to reach the fission barrier is large enough for the velocity to equilibrate. Thus, by the time when W n (x = x b , v, t) starts to noticeably differ from zero, the probability distribution as a function of the velocity coordinate has already attained the asymptotic shape W n (x = x b , v, t→ ∞ ). Integrating equation (16) over the whole velocity interval and defining:
We can express C(t) as:
Introducing equation (16) into equation (15) and using equation (18) leads to:
The second approximation consists on expressing the shape of the in-growth function at the fission barrier W n (x = x b , t) in equation (19) by equations (7) and (8), derived for the parabolic potential:
Note, that we replaced the normalised probability par n W by the unnormalised quantity W par in equation (20) , because in the case of the parabolic potential the probability distribution is confined, and thus
. Implementing equations (7) and (8) in equation (20) results in an analytical expression for Γ f (t).
Due to the classical nature of the FPE equation, the initial behaviour predicted by equation (20) should not be considered since for t = 0 equation (8) gives σ = 0. Being a quantummechanical system, the initial probability distribution of the nucleus as a function of the position and the momentum coordinate has a finite width. As initial condition of the problem we selected the zero-point motion at the ground-state deformation. The zero-point motion is taken into account by shifting the time scale by a certain amount t 0 . For the under-damped case (ß < 2ω 1 ), the deformation and the momentum coordinate saturate at about the same time. Therefore, the time shift needed for the probability distribution to reach the width of the zero-point motion in deformation space is equal to the time that the average energy of the collective degree of freedom needs to reach the value 
In the over-damped regime (ß ≥ 2ω 1 ), the momentum coordinate saturates very fast, while the population of the deformation space results from a diffusion process. Neglecting the influence of the potential on the diffusion process, which is anyhow small in the range of the zero-point motion, the solution of the Fokker-Planck equation gives the following time evolution for the variance of the probability distribution in the deformation coordinate [53] :
Replacing in equation (22) 
The time shift t 0 is already included in the calculations shown in figure 2 and in table 1.
The analytical expression that results from combining equations (7) and (8) with equation (20) , represents a very adequate description of Γ f (t) as can be seen in figure 2a ), where this function (dashed line) is compared to the numerical calculation (full line). Moreover, the comparison of this approximation with the numerical solution of the FPE for β ≤ 2ω 1 presented in the appendix demonstrates that this approximation quite well reproduces the exact solution of the FPE for the critical damping and the underdamped regime, as well. This may be understood by the following arguments. For given values of β and T, the time behaviour of the exact solution of the FPE is mainly governed by two parameters: the frequency ω 1 at the ground state and the barrier deformation x b . The formulation we present here uses realistic values of ω 1 and x b in the harmonic approximation, whereas the absolute value of the fission-decay width is taken from Kramers's stationary solution for the realistic potential shape (full line in figure 1a) . This explains the good agreement of this formulation with the numerical calculation. This approximation is suited to be used in complex nuclearreaction codes, where solving the Fokker-Planck equation numerically would introduce a not affordable additional computing time.
We would like to stress that the proposed approximate in-growth function, deduced from the solution of the Fokker-Planck equation of the parabolic potential, represents the practically complete suppression of the initial fission-decay width in a realistic way, because it directly considers the physical process of gradually populating the deformation space. Alternative formulations based on parameterizing the rather complex shape of the in-growth function by less adequate functional forms, like the Fermi function, might miss this feature, which will be shown below to be very important.
Detailed view on the model calculations
It is very illustrative to compare how the excitation energy with which the nucleus crosses the saddle point changes in the model calculation when using the different approximations for describing Γ f (t). Let us first consider the unrealistic case, where there is no upper limit for the initial temperature of the sequential decay. Figure 3 depicts the excitation energy of the nucleus at the saddle point against the initial excitation energy of the prefragment for the fission events produced in the reaction of 238 U at 1⋅A GeV in a lead target. Calculation 3a) corresponds to the step-function description with β = 2⋅10 . These values of β are the ones required to reproduce the total nuclear fission cross section of this reaction by the different descriptions.
Mid-peripheral heavy-ion collisions allow producing nuclei with excitation energies that are far beyond the onset of multifragmentation [37] . Nuclear dynamics in this range of excitation energies is the subject of current research. As presented in reference [43] , the analysis of the isotopic distributions of heavy projectile fragments from the reactions of a 238 U beam in a lead target gave some evidence that the initial temperature of the last stage of the reaction, the evaporation cascade, is limited to a universal value of approximately 5.5 MeV. The interpretation of this effect relies on the onset of a simultaneous break-up process for systems whose temperature after the abrasion is larger than 5.5 MeV. In reference [43] , the simultaneous break-up stage has been modelled in a quite rough way that however shows a very good agreement with the experimental data. If the temperature after abrasion exceeds the freeze-out temperature of 5.5 MeV, the additional energy is used for the simultaneous emission of nucleons or small clusters. The number of protons and neutrons emitted is assumed to conserve the N-over-Z ratio of the projectile spectator, and an amount of about 20 MeV per nuclear mass unit emitted is released. This last quantity is still under investigation. Nevertheless, its effect on the fission cross sections is very small. After the spontaneous emission, the piece left of the projectile spectator then undergoes the sequential decay where fission and particle evaporation are competing processes. figure  4 . By comparing figure 3 and figure 4 , one immediately recognizes that the effect of the break-up process on the calculation performed with the exponential-like description for Γ f (t) is much more drastic than for the two other calculations. The too early onset of fission introduced by the exponential-like in-growth function implies that fission at high excitation energies is not suppressed by dissipation in this calculation. Fission reaches to such high excitation energies, that it is rather constricted by the break-up mechanism. On the contrary, the calculations performed with the step function and with the analytical solution of the FPE illustrate that dissipation considerably inhibits the fission decay channel for excitation energies at fission above 300 MeV and, therefore, the effect of the break-up process is significantly smaller. Figure 2b) shows that for the analytical solution of the FPE the fission probability sets in earlier than for the step function, leading to a larger amount of fissioning systems with initial excitation energies * 0 E beyond 800 MeV, as can be seen comparing figures 3a) and 3c). As a result, the break-up stage has a stronger effect in this case than in the case of the step function.
The strength of the effects of the simultaneous break-up in the deexcitation process can also be observed from the cross sections of table 1. When the exponential-like description of Γ f (t) is used, the calculated cross sections differ considerably, depending on whether the break-up stage is included or not in the calculation. In contrast, the calculated cross sections obtained by applying the analytical solution of the FPE do not present such a remarkable difference, and the ones calculated using the step function are hardly affected by this feature.
The 45-degree straight lines depicted on the six spectra of figures 3 and 4 correspond to the upper limit for the excitation energy at fission. Both, the calculation performed with the step function on figure 3a ) and the calculation with the analytical solution of the FPE on figure 3c), show that this line starts to be depopulated at initial excitation energies of approximately 150 MeV, indicating that from these excitation energies on the transient time is longer than the decay time for particle emission. That means that prefragments with initial excitation energies higher than ≈150 MeV can only fission after cooling down by particle evaporation.
Conclusion
The previous discussion has shown that the step function described by equation (3), although it appears to be a rather crude approximation, better describes the effects of dissipation on the fission decay width than the exponential-like function of equation (4) . It also leads to a strong suppression of fission at high excitation energies in quite good agreement with the more realistic description of the fission width given by the analytical solution of the FPE for a parabolic nuclear potential. When the step function is used, the experimental data selected are reproduced with a reduced dissipation coefficient of β = 2⋅10 is obtained when the more realistic description of Γ f (t) based on the analytic solution of the FPE is applied. From figure 2b) one would expect that the analytical solution of the FPE requires a larger value of β to describe the experimental data than the step function, but as was explained before, the break-up mechanism suppresses the additional fission events at high excitation energies and leads to very similar fission cross sections. The latter comment demonstrates that, due to the possible existence of fission events at very high excitation energies, any conclusion on dissipation cannot be drawn without explicitly considering the thermal stability of nuclei against break-up.
Our investigation does not allow a direct conclusion on the temperature dependence of the dissipation coefficient β, but it reveals the difficulty in deducing such an effect. The different distributions of excitation energies at fission found in the calculations shown in figures 3 and 4 prove that this analysis strongly depends on the in-growth function assumed for Γ f (t). For instance, the inhibition of fission at high excitation energies obtained with the analytical solution and the step function could be achieved with the exponential-like in-growth function as well by setting very high values of β at high temperatures. Therefore, it cannot be excluded that the indications for strong increase of nuclear viscosity with increasing temperature drawn in several publications [54, 55] might be attributed to the unrealistic exponential-like ingrowth function used in the analysis. The description of Γ f (t) that reproduces the present data is influenced by transient effects only for excitation energies at saddle within the interval 150 MeV < * saddle E < 350 MeV. Above this range, our experimental data are not sensitive to the strength of β since at excitation energies above 350 MeV fission is almost completely inhibited. Therefore, an eventual increase of the dissipation coefficient for excitation energies larger than 350 MeV would not be observable. At excitation energies below 150 MeV, the statistical decay times are appreciably longer than the dynamical time scale, represented by the transient time, as long as the value of β remains in a certain range, making the experimental observables rather insensitive to the transient time. The Kramers factor implies a reduction of the fission width that should have some effect on the measured data at these low excitation energies. Nevertheless, the observation of such an effect is much more difficult than the observation of the total suppression of fission by the transient time, because it requires a very accurate knowledge of the other model parameter, in particular of the level density.
The nuclei that contribute to the fission cross sections studied in this work extend over a broad range of masses, charges and excitation energies at the saddle point. Hence, according to equation (2) obtained from our analysis coincides with the value found in reference [28] , where total fission cross sections as well as the widths of the charge distributions and velocities of the fission residues from the reaction Au (800⋅A MeV) + p are analysed with the step-function description of Γ f (t). Other work [16, 18, 52] sensitive to the same deformation range is consistent with our conclusions, although often only upper limits for the transient time or the dissipation coefficient could be deduced. Our result for τ f entails that for nuclei with excitation energies lower than 100 MeV the transient time is still a too tiny effect to have observable influence on the fission-decay width. Experiments need to populate higher excitation energies in order to be sensitive to transient effects on the way to the saddle point.
The quantitative value deduced for the dissipation coefficient remains model dependent to a certain degree. Nevertheless, variations of the most critical model parameters by reasonable amount: excitation energy of the prefragments by 30%, freeze-out temperature by 20 % and excitation energy reduction per mass loss in the break-up stage by a factor of two led to variations of the deduced transient time well inside the uncertainty range given. The most important achievement of the present work, however, is the detailed discussion of an experimental method suited for the study of dissipation at small deformation and the appropriate modelling of dissipation effects in nuclear-reaction codes.
Summary
Peripheral heavy-ion collisions at relativistic energies are a very suitable tool for investigating dissipation, because highly excited nuclei are produced with initial conditions that closely correspond to the assumptions of the theoretical model of Grangé and Weidenmüller. We analysed the nuclear-induced total fission cross sections of 238 U at 1⋅A GeV on two different heavy targets by means of the Monte-Carlo code ABRABLA. We implemented in this code the two most widely used descriptions for the time dependence of the fission-decay width, a step function and an exponential-like in-growth function, and in addition a highly realistic description based on the analytical solution of the FPE when the nuclear potential is approximated by a parabola. The reduced dissipation coefficient β deduced depends strongly on whether the step function, the exponential-like in-growth function or the analytical approximation is used. Consequently, in order to interpret any result on the magnitude of β, the description used for the time dependence of the fission width must be considered. A careful analysis of the exponential-like in-growth function has shown that it fails in reproducing the total suppression of fission at the beginning of the deexcitation process that is expected theoretically. This description of Γ f (t) would imply that at high excitation energies the fission process is not suppressed by dissipation. On the contrary, the step-function approximation and the proposed analytical description show a quite similar behaviour. This indicates that the suppression of the fission decay width during the initial time span is needed to account for dissipation effects in a proper way. The analysis performed in this work clearly demonstrates that transient effects in fission are accessible to experimental investigations. Using the analytical solution of the FPE given by equations (20) , (7) and (8) While the particle-decay widths do not explicitly depend on time, dissipation effects lead to a time-dependent fission width Γ f (t). Therefore, at the beginning of each step of the deexcitation cascade one has to consider the time elapsed during the previous stages. Physically this means that, while particles are emitted, the probability distribution in deformation space becomes broader, and at each step of the deexcitation cascade the distribution "remembers" its current width. Accordingly, in every step n we have to evaluate the fission width Γ f (t) with a time variable whose initial value increases with each step as 
Here τ i represents the average decay time at the corresponding step and includes the mean particle decay time τ p and the mean decay time for fission τ fission . If this feature is not taken into account, fission would set in at a time that is larger than the transient time τ f . This fact explains why a previous version of ABRABLA underestimated the cross-sections of table 1 [38] .
For describing the shape of Γ f (t) we incorporated in the code the two approximations represented by equations (3) and (4) described in section 1 and the more sophisticated case given by equations (20) , (7) and (8) This formulation is similar but more consistent than the approach proposed previously in [44] and [46] .
A2. Description of Γ Γ Γ Γ f (t) by an exponential in-growth function
Another possibility to describe the time dependence of the fission width Γ f (t) is an exponential in-growth function, equation (4) of section 1. In this case, the procedure is different than in the previous one because Γ f (t) increases continuously with time.
The decay rate at a step n can be written as:
By integrating equation (A10) we obtain an analytical expression for I n (t)
Substituting equation (A11) in (A10) we obtain an analytical expression for the decay rate (dI(t)/dt) n of the nucleus that includes all possible particle decay channels and the already mentioned time dependence of Γ f . After evaluating (dI(t)/dt) n for the corresponding step, we sample from (dI(t)/dt) n the decay time and finally calculate the value of Γ f (t) at that decay time. The decay channel is then determined by a Monte-Carlo selection with the weights Γ f (t)/Γ total for fission and Γ ν /Γ total for the emission of the particle ν.
A3. Description of Γ Γ Γ Γ f (t) by the analytical solution of the FPE for a parabolic nuclear potential
As shown by the dashed line in figure 2a) of section 3, the analytical solution of the FPE when the nuclear potential is approximated by a parabola gives a much more realistic description of the time dependence of the fission rate λ f (t) than the step function and the exponential-like in-growth function. This analytical expression for the fission rate can be obtained by using equation (20) and taking W par (x=x b , t) from equations (7) and (8) . Actually, the method [56] we use to include this description of Γ f (t) in the evaporation code is applicable for any function representing Γ f (t). We first divide the time interval 0< t <1.5⋅τ f (for t = 1.5⋅τ f the fission width has already reached its stationary value) in small subintervals of length 50
If we are inside a certain step n, we define the value of the fission decay width as the quantity 
with i = 0 at the beginning of each step and t tot = n sum t + t 0 , where t 0 accounts for the zero point motion and is given by equation (21) in the underdamped regime and by equation (23) in the overdamped regime. This value of the fission decay width is used to evaluate the decay probability inside this small subinterval i As shown by equations (7) and (8) of section 3, in this case we have an additional dependence of Γ f (t) on the deformation at the fission barrier x b , on the reduced mass µ and on the frequency of the system at the ground state ω 1 . Considering that 
We should remark that for the three descriptions considered, when calculating n sum t , we express the particle decay time and the fission decay time by the average decay times τ p and τ fission instead of sampling these quantities from a statistical decay-time distribution. In spite of this approximation, our treatment of the decay cascade is more realistic than previous formulations. For example, in reference [45] several analytical expressions for the probabilities of the diverse decay channels are given considering the step function and the exponential in-growth function to describe the form of Γ f (t). However, this is done under the simplifying assumption that the total decay widths are unchanged from one step to the next in the decay cascade. In [13] the exponential-like in-growth function is used, but the total decay time at each step of the cascade is considered to be ruled uniquely by the neutron-decay life time at that step, while the influence on the life time introduced by the other possible decay channels is not considered.
As already briefly reported in reference [33] , we have compared the proposed analytical approximation for the time-dependent fission width with the numerical solution of the FPE for Γ f (t) * . As can be seen in figures A1a) and A1b), this analytical approximation quite well reproduces the exact solution for the critical damping (ß = 2 ·10 
